Human embryonic stem cells have emerged as the prototypical source from which cardiomyocytes can be derived for use in drug discovery and cell therapy. However, such applications require that these cardiomyocytes (hESC-CMs) faithfully recapitulate the physiology of adult cells, especially in relation to their electrophysiological and contractile function. We review what is known about the electrophysiology of hESC-CMs in terms of beating rate, action potential characteristics, ionic currents, and cellular coupling as well as their contractility in terms of calcium cycling and contraction. We also discuss the heterogeneity in cellular phenotypes that arises from variability in cardiac differentiation, maturation, and culture conditions, and summarize present strategies that have been implemented to reduce this heterogeneity. Finally, we present original electrophysiological data from optical maps of hESC-CM clusters.
Introduction
Over the past several decades, revolutionary advances in the cardiac field have occurred with the advent of human pluripotent stem cells and their differentiation into cardiomyocytes (CMs). Much attention has been directed toward the potential clinical application of these cells in the context of regenerative medicine and cell-based therapy [for reviews, see (Codina et al., 2010; Habib et al., 2008; Laflamme et al., 2007b; . Despite early successes with basic science studies and experimentation using animal hearts, clinical studies in general have not yet met with similar success (Lovell and Mathur, 2010) . On the other hand, these cells hold immediate promise as a new generation of experimental models never before possible. Previously, the availability of human tissue for experimentation was limited to tissue biopsies and to hearts that are unsuitable for or made available by organ transplantation. For the most part, fundamental knowledge regarding the functioning of cardiac tissue under normal or diseased conditions has relied on animal models [for reviews, see (Hamlin, 2007; McCauley and Wehrens, 2009; Milan and MacRae, 2005) ]. These models approximate the human condition and have been used for mechanistic studies at a molecular level.
Today, many types of human pluripotent stem cells are being investigated for their potential to produce functional CMs, including adult bone marrow-derived cells, bone marrow-derived mesenchymal stem cells, adipose-derived cells, embryonic stem cells, endothelial progenitor cells, skeletal myoblasts, resident cardiac stem cells, and, most recently, induced pluripotent stem cells . In this article, we will focus on CMs derived from human embryonic stem cells (hESC-CMs), first reported in 2001 (Kehat et al., 2001 ). At present, this cell type best produces functional CMs and is particularly relevant because it is widely used as the gold standard against which other pluripotent stem cells are compared.
The potential usages of hESC-CMs are several-fold. First, they are expected to be more clinically relevant than animal models for the purposes of toxicity testing and drug discovery and development (Davis et al., 2011; He et al., 2007; Mandenius et al., 2011; Zeevi-Levin et al., 2012) . The cells can be subjected to detailed analysis of their molecular, pharmacological, electrophysiological and contractile properties (Goh et al., 2005; Kong et al., 2010; Poon et al., 2011) . Second, they have been used to study broad aspects of disease, including myocyte vulnerability to bile acids (Abdul Kadir et al., 2009) , oxidative stress and ischemic preconditioning (Sepac et al., 2010) , and hypertrophy (Foldes et al., 2011) . Third, hESC-CMs may serve as a scalable cell source that can be used for cardiac myoplasty and regeneration (Capi and Gepstein, 2006; Dai and Kloner, 2006; Habib et al., 2008; Zeevi-Levin et al., 2010) and electrophysiological therapy (Gepstein, 2006) , provided that the additional hurdles of survival, immunogenicity, heterogeneity, maturation, and electrophysiological safety can be worked out.
Essential for all of these applications is the proviso that the cells recapitulate native physiological function. Thus, the goal of this article is to review the known functional characteristics of hESCCMs. Although previous studies have examined these characteristics largely from a genomic perspective, we focus here on contractile and electrophysiological function. At the elemental level, this means the contractile structure of the cell (sarcomere and myofilament organization) and expression of ion channel and calcium cycling proteins. At the integrative level is cellular function, which includes contractility, intracellular calcium release and uptake, action potentials, drug responses, and intercellular coupling. The final level is physiological function, which has been well characterized in adult cells and tissue in terms of contractility [forceefrequency relation (Endoh, 2004) , forceelength relation (Shiels and White, 2008) and intracellular calcium kinetics (Sobie et al., 2006) ], electrophysiology [restitution (rate-dependence) of action potential duration (Franz, 2003) , conduction velocity restitution (Weiss et al., 2002) ] and excitationecontraction coupling (Bers, 2008) .
In the sections that follow, we summarize the reported electrophysiological and contractile properties of hESC-CMs, recognizing that the properties may be rather diverse. Heterogeneity can arise from the variability in cardiac differentiation that occurs across cell lines, differentiation protocols, time of differentiation and maturation of the cells, and culture conditions in different laboratories. The absence of a well-defined phenotype of the cells is an unavoidable limitation at this time and may present a significant hurdle to the usage of hESC-CMs. The issues of heterogeneity and maturation and avenues for improvement will be addressed in detail in the last section. Finally, we include original electrophysiological data that we have obtained from optical maps of clusters of hESC-CMs.
Beating rate
Cardiac differentiation in hESCs has been induced by a variety of techniques , but commonly involves culturing an aggregate of hESCs termed an embryoid body 1 (hEB). The first visual clue of CM differentiation and the presence of hESC-CMs within hEBs is the onset of spontaneous synchronized contraction. This automaticity implies pacemaker activity within hEBs while the synchronization suggests the presence of a functional syncytium. Kehat et al. were the first to demonstrate these properties in hEBs (Kehat et al., 2002) , finding stable pacemaker activities within the hEBs along with gap junctions that electrically and 1 Note: Usage of the term embryoid body varies widely in the literature, ranging from natural aggregates of cells that co-assemble in hanging drops or other microenvironments, to dissected beating areas of the natural aggregates following plating on a dish. To avoid the clutter of detail, we have chosen to use the term loosely in this article to include both definitions, although in most cases it tends to be the latter. However, we will explicitly distinguish experiments on single hESCCMs, hESC-CM monolayers and small cell aggregates of hESC-CMs.
functionally connect the cells. In this section, we summarize the hormonal and pharmacological responses of hESC-CMs in terms of beating rate, as this is often the first metric used to characterize hESC-CM function. However, it should be noted that beating rate is not invariant and may vary at different stages of cell maturation. For example, hEBs derived from the H1 hESC line have been shown to have a stable, high beating rate in the first weeks after the onset of spontaneous beating, with a significant drop in rate after 9 weeks in culture (Reppel et al., 2004) .
Adrenergic and cholinergic responses
The autonomic nervous system regulates pacemaker activities in vivo through adrenergic and cholinergic pathways. Evaluating whether hESC-CMs express similar pathways is important to understanding their physiology, and has been extensively performed.
The adrenergic agonists adrenaline and noradrenaline (Norstrom et al., 2006; Yokoo et al., 2009 ) and b-adrenergic agonist isoproterenol (Anderson et al., 2007; Gupta et al., 2010; Kapucu et al., 2008; Mandel et al., 2012; Pekkanen-Mattila et al., 2009; Reppel et al., 2004; Xu et al., 2006a Xu et al., , 2002 Xu et al., , 2009 Yokoo et al., 2009) all increase beating rate in hEBs in a dose-dependent manner.
Furthermore, the b2-adrenergic agonist clenbuterol increases beating rates of hESC-CMs only at a late stage of differentiation (61e72 days) (Xu et al., 2002) , whereas the a1-adrenergic agonist phenylephrine increases the beating rate of hESC-CMs at an early stage of differentiation (15e20 days) (Xu et al., 2006a (Xu et al., , 2002 . The stimulatory effect of adrenaline and noradrenaline can be reversed by a-or b-adrenergic receptor blockers (Norstrom et al., 2006) , while the positive chronotropic effect of isoproterenol can be negated by the b-blockers propranolol (Anderson et al., 2007) and metoprolol (Mandel et al., 2012) . These findings suggest that the adrenergic responses of hEBs may be regulated by different receptors at various differentiation stages. Conversely, carbachol, a cholinergic agonist, decreases beating rate in hEBs (Gupta et al., 2010; Mandel et al., 2012; Reppel et al., 2004) . Acetylcholine also decreases beating rates of hESC-CMs in a dose-dependent manner, and at high concentrations ceases beating (Norstrom et al., 2006) . The presence of both positive and negative chronotropic regulation suggest that hESC-CMs develop intact receptors similar to those in native myocardium, indicating the potential use of hESC-CMs in studies of cardiac adrenergic and cholinergic regulation.
Pharmacological responses
Ionic currents underlie pacemaker activity in hESC-CMs (see Section 3.2), and pharmacological manipulation of these currents has been shown to affect beating rates. The L-type calcium channel blocker diltiazem reversibly decreases beating rates of hESC-CMs in a dose-dependent manner, and can cease spontaneous activity altogether (Xu et al., 2006a (Xu et al., , 2002 . Application of another L-type calcium channel blocker, verapamil, yielded similar effects in hESCCMs Yokoo et al., 2009) , with decreased beating rate occurring in a dose-dependent manner and cessation of spontaneous beating at high concentrations. The rapid delayed rectifier channel blocker E-4031 (Guo et al., 2011a; Liang et al., 2010) and the sodium channel blocker TTX decrease beating rate in hESC-CMs .
Some cardioactive drugs also affect beating rates in hESC-CMs. The antiarrhythmic agents propafenone (Caspi et al., 2009 ) and quinidine decrease beating rates of hESC-CMs, while procainamide, mexiletine, and flecainide have no effect (Yokoo et al., 2009 ). The QT-prolonging drug sotalol, however, was shown to decrease beating rates in one study and have no effect in another study (Reppel et al., 2005) . Additionally, beating rate increases in a dose-dependent manner with isobutyl methylxanthine (IBMX), a phosphodiesterase inhibitor, and with forskolin, a stimulator of adenylate cyclase, suggesting the existence of a functioning cAMP system in hESC-CMs (Norstrom et al., 2006; Xu et al., 2002) .
Electrophysiology

Action potentials
Microelectrode and patch clamp recordings
Following differentiation, hESC-CMs obtained from the beating clump of cells in the EB consist of a mixture of electrophysiological phenotypes. Classification of hESC-CMs as nodal-, atrial-, and ventricular-like is based on the resemblance of their action potential (AP) to each of the three principal phenotypes found in the adult heart (Schram et al., 2002) and has been referred to as a "functional signature" (He et al., 2003) . The relative fractions of nodal:atrial:ventricular-like cells, estimated from AP recordings, vary for different cell lines and differentiation conditions and are summarized in Table 1 , although it should be noted that these fractions depend on the criteria used and can change with time of differentiation. Furthermore, within a given phenotype (e.g., ventricular) there can be substantial variation in action potential shape (Pekkanen-Mattila et al., 2010) .
Many groups have recorded APs in developing hESC-CMs and hEBs, and it is well known that the APs are immature analogs of those of adult heart cells Cao et al., 2008; Fu et al., 2011; He et al., 2003; Jonsson et al., 2010; Lee et al., 2011;  Moore et al., 2008; Mummery et al., 2003; Peng et al., 2010; Wang et al., 2011; Zhang et al., 2009) . The criteria used to classify electrophysiological phenotype varies among studies, but in general is based on some qualitative or quantitative combination of the maximum diastolic potential (MDP), upstroke velocity (dV/dt max ), action potential duration (APD), action potential amplitude (APA), beating rate (BR), and phase 4 (diastolic) depolarization rate (DDR). For example, cells with more negative MDP, longer APD, lower BR, higher dV/dt max , larger APA, and lower DDR may be considered to be ventricular-like. The most information on AP parameters is for the ventricularlike phenotype Fu et al., 2011; He et al., 2003; Jonsson et al., 2010; Kim et al., 2010; Mummery et al., 2003; Pekkanen-Mattila et al., 2010; Peng et al., 2010; Wang et al., 2011; Xu et al., 2006a Xu et al., , 2011 Zhang et al., 2009; Zhang et al., 2011; Zhu et al., 2010) . These data are summarized in Table 2 and illustrate the large variability in AP properties of hESC-CMs. For example, a general trend is that isolated cells have much higher upstroke velocities (118 V/s) compared with those in hEBs (approximately 12 V/s) . A recent study showed that upstroke velocity in small cell aggregates also varied between spontaneous beating (51 V/s) and pacing (26 V/s) conditions . Different cell lines preferentially adopt different AP phenotypes (Moore et al., 2008) . Another factor contributing to AP variability is that APD is rate-dependent (He et al., 2003; Zhang et al., 2009 ) (also see Section 3.1.3) and in most studies is measured at the spontaneous beating rate, which is highly variable.
AP responses to various ionic channel blockers have been examined. The sodium channel blocker TTX significantly decreased dV/dt max , and veratridine, an inhibitor of sodium channel inactivation, prolonged APD Pekkanen-Mattila et al., 2010; Peng et al., 2010; Satin et al., 2004) . Nifedipine, an L-type calcium channel blocker, shortens APD in single cells (Peng et al., 2010) . E-4031 blocks the rapid delayed rectifier channel, and prolongs potential duration in both single cell Pekkanen-Mattila et al., 2010; Peng et al., 2010; Sartiani et al., 2007) and multicellular preparations (hEBs or small cell aggregates) Caspi et al., 2009; He et al., 2003; Jonsson et al., 2010; Nalos et al., 2012) . E-4031 has a greater effect on action potential duration at later stages of differentiation in multicellular preparations (Caspi et al., 2009; Otsuji et al., 2010) . Prolonged application of E-4031 evokes early afterdepolarizations in both single cell (He et al., 2003; Nalos et al., 2012; Peng et al., 2010) and multicellular He et al., 2003; Nalos et al., 2012) preparations. Delayed afterdepolarizations were observed in untreated hEBs (He et al., 2003) and in single cells treated with norepinephrine (Peng et al., 2010) . APD prolongation also occurs with administration of the slow delayed rectifier channel blocker, chromanol 293B Peng et al., 2010) . DDR decreases following application of zatebradine, a blocker of the pacemaker channel Sartiani et al., 2007) .
Field potentials
Extracellular field potentials measured by microelectrode arrays (MEAs) can serve as a surrogate for AP measurements in multicellular preparations (Halbach et al., 2003) . Field potential duration (FPD) relates to APD in CMs and the QT interval of an electrocardiogram. Measurements of FPD enable the use of EBs and cell monolayers to evaluate the risk of drug-induced arrhythmia (Weinberg et al., 2010) .
Application of the rapid delayed rectifier channel blocker E-4031 results in prolongation of FPD. E-4031 had a larger dosedependent effect in late stage hESC-CMs (>30 days) than in early stage cells (15e30 days), suggesting more rapid delayed rectifier channel expression in late stage differentiation Caspi et al., 2009; Mehta et al., 2011) . Conversely, verapamil Liang et al., 2010; Mehta et al., 2011) and nifedipine Guo et al., 2011b) shortened FPD in hEBs and ESC-CM monolayers.
Several cardioactive drugs have been tested for their effect on FPD of hEBs. The QT-prolonging drug, sotalol, prolonged FPD in hEBs (Reppel et al., 2005) , consistent with observations in several later studies that showed a dose-dependent effect Caspi et al., 2009; Liang et al., 2010) and one that showed a more significant effect on early stage hEBs than late stage hEBs . The class I antiarrhythmia drugs quinidine and procainamide prolonged FPD in a dose-dependent manner, while lidocaine had no effect . Several non-cardiac drugs were also screened; astemizole (Xu et al., 2009) , and cisapride, sparfloxacin, terfenadine, domperidone and ketoconazole prolonged FPD while sertindole had no effect. These results indicate the promising potential for using hESC-CMs to screen drugs for FPD prolongation, which is considered to be a proarrhythmic risk He et al., 2007) .
Optical mapping
Optical mapping is a well-established technique for studying transmembrane potential and intracellular calcium transients in various preparations, and can be applied to study hESC-CMs (Weinberg et al., 2010) . It provides multicellular recordings at high spatial resolution and, unlike field potentials recorded by MEAs, can directly record the time course of transmembrane potential, thereby preserving action potential morphology. Recently, we (Burridge et al., 2011) and other groups (Niebruegge et al., 2009; Ren et al., 2011) obtained optical recordings of transmembrane action potentials and intracellular calcium transients from hEBs. Isoproterenol (Burridge et al., 2011) and verapamil (Ren et al., 2011) decreased APD, while procainamide (a dual blocker of sodium and potassium channels) increased APD (Ren et al., 2011) . Here we provide additional optical voltage mapping results from hEBs and focus on the extent of heterogeneity of these cells. Contracting hEBs were obtained from the H9 cell line using previously described methods (Burridge et al., 2011) . Beating areas of hEBs were mechanically dissected out, plated on gelatin coated coverslips (3e6 beating aggregates per coverslip) and given at least 5 days to attach. These beating clusters were then stained with 10 mM di-4-ANEPPS voltage-sensitive dye (Invitrogen) for 10 min.
The coverslips with beating clusters were subsequently transferred to a custom-made mapping chamber with continuously flowing Tyrode's solution (135 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 0.33 mM NaH 2 PO 4 , 5 mM HEPES, and 5 mM glucose (Sigma)). 50 mM blebbistatin was added to inhibit excitationecontraction coupling and prevent signal distortion due to motion. All experiments were conducted at 37 C. Imaging of transmembrane potential (V m ) was conducted using a MiCAM Ultima-L CMOS camera (100 Â 100 pixels) at 500 frames/s sampling rate. To improve signal quality, 4 Â 4 binning was used, resulting in 25 Â 25 recording sites. The outline of the beating clusters was manually determined, and only pixels within the outline were used for analysis.
In the same batch of differentiated hESC-CMs, we recorded APs in beating clusters from 28 hEBs (20e35 days after hEB formation). While all of the beating clusters could be electrically stimulated, 22 of them had spontaneous activity. Electrical pacing was applied through a pair of parallel Pt field electrodes. Pacing rate started at 0.5 Hz, and increased with 0.5 Hz increments. As pacing rate increased, the beating clusters eventually failed to maintain 1:1 capture.
Fig . 1A shows recordings from two beating clusters with distinct AP morphologies. The green traces are APs of the 75 (left) and 209 (right) recording sites within each beating cluster, while the black traces are the representative APs obtained by aligning and spatially averaging all recordings from the beating clusters. These data show that there is relatively little heterogeneity in AP morphology across different locations within a single hEB, as has been reported previously (He et al., 2003; Jonsson et al., 2010; Zhang et al., 2009) , and that the spatially averaged trace is representative of the predominant behavior of the hEB. Similar results were observed in all beating clusters mapped, under both spontaneous and paced conditions. Fig. 1B shows the representative APs from all 22 spontaneously active beating clusters, with each panel representing one beating cluster. Within this batch of hEBs, there were multiple AP morphologies, with large variability in both APD and the degree of phase 4 depolarization, contrary to the presence of a dominant electrophysiological phenotype within individual hEBs. These findings are similar to those previously reported (He et al., 2003) .
We also investigated the responses of beating clusters from hEBs stimulated at various pacing rates (example shown in Fig. 2 ). Electrical pacing started at w1 Hz and increased with 0.5 Hz increments up to 4 Hz, the maximum capture rate for this particular beating cluster. APD shortened with increasing pacing rate ( Fig. 2A as shown in the APD 80 restitution curve (plotted as a function of cycle length, the inverse of pacing rate) (Fig. 2B) . Similar results were observed in all beating clusters, with the maximum capture rate varying from 1.5 to 4 Hz. These findings demonstrate that hESC-CMs within the hEBs, in addition to firing spontaneous and stimulus-induced APs, have physiological rate-adaptation.
We have shown that optical mapping can be used to obtain hundreds of recordings of APs within a single hEB. Unlike FPs measured by MEAs, which contain only information on AP activation and repolarization time, the optical recordings preserve AP morphology, which can be important to know during drug testing. Alternatively, multiple AP measurements can be obtained by repeated impalements of the hEB with a sharp microelectrode (He et al., 2003; Jonsson et al., 2010; Zhang et al., 2009 ). However, the possibility of cell damage, difficulty in obtaining a large sample size, and inability to measure conduction velocity are limitations of that approach. On the other hand, microelectrode recordings provide absolute voltage information such as resting potential and action potential amplitude, which are not available with optical recordings.
Ionic currents
We review the expression and function of the ionic currents I Na , I CaL , I K1 , I to , I Kr , I Ks , I f , and I NaCa , which underlie the shape and properties of the action potential. The expression levels of gene transcripts associated with these ionic currents at various stages in hESC-CM differentiation are summarized in Table 3 . Ion channel expression can be specific to the electrophysiological phenotype. HCN1, HCN2, KCNA5, and GJA5 are higher in nodal-like than in ventricular-like hESC-CMs (Jonsson et al., 2010) . KCNJ2 and SCN1B are also preferentially expressed in ventricular-type cells (Jonsson et al., 2010) . However, in general the specific phenotype of the cells being studied was not specified in the studies cited in this section. Further, independent studies often used different voltage protocols or different experimental conditions, so direct comparisons should be made with care. Current magnitudes are normalized to cell capacitance. Total cell capacitance for hESC-CMs is on the order of 5e30 pF compared with adult human ventricular cells, which normally have a capacitance of approximately 150 pF (Drouin et al., 1995) .
Several single-cell studies using voltage clamp separation revealed the presence of the fast sodium current, I Na Otsuji et al., 2010; Pekkanen-Mattila et al., 2010; Peng et al., 2010; Satin et al., 2004) . One study showed that from 1 to 8 months of differentiation I Na increases in magnitude approximately fivefold to À100 pA/pF at V m of À10 mV . This is larger than the maximal current of À32 pA/pF measured at À20 mV that was reported in another lab at approximately 25 days of differentiation . For comparison, I Na of adult human ventricular cardiomyocytes can be estimated from the O'Hara computational model (O'Hara et al., 2011) to have a peak amplitude of approximately À196 pA/pF at À17 mV from a holding potential of À80 mV at 37 C.
Peak L-type calcium current, I CaL, densities have been measured via voltage clamp separation (Fu et al., 2010 (Fu et al., , 2011 Jonsson et al., 2012; Otsuji et al., 2010; Sartiani et al., 2007; Zhu et al., 2009) , and in ventricular cells range from À2.2 AE 0.5 pA/pF at V m of þ10 mV at 47 days of differentiation (Fu et al., 2010) to À10 pA/pF at À10 mV at 8 months of differentiation . These results indicate that I CaL increases in magnitude over time, in Table 3 Maturation of hESC-CM ion current expression.
Current
Gene Gene Product Result Reference I Na SCN5A Nav1.5 Much higher at 8 mo than 1 mo b SCN1B Navb1 Much higher at 8 mo than 1 mo b I CaL CACNA1C Cav1.2 Not in undifferentiated cells, but present at 8-15 days (Mummery et al., 2003) b Constant throughout differentiation a CACNA1S Cav1.1 Upregulated by miR-1 transduction (Fu et al., 2011) a,c
CNCNB2
Cavb2
Higher at 8 mo than 1 mo a Significantly higher at 8 mo than 1 mo b Not present at days 5 and 10, present at days 15 and 20 (Kim et al., 2011) c HCN2
HCN2
Relatively constant a Not present at day 5, present at days 15 and 20 (Kim et al., 2011) c HCN4 HCN4 Decreased with differentiation time a (Kim et al., 2011) c Downregulated by miR-1 transduction (Fu et al., 2011) a,c
Not in undifferentiated cells, but present at 8-15 days (Mummery et al., 2003) b Always present even in undifferentiated cells a KCNA4 Kv1.4 Present after 25 days Higher at 8 mo than 1 mo b Upregulated by miR-1 transduction (Fu et al., 2011) a,c I K1 KCNJ2 Kir2.1 Always present, increased until day 57 a Higher at 8 mo than 1 mo b Upregulated by miR-1 transduction (Fu et al., 2011) a,c I NaCa NCX1 NCX Increased during differentiation (Fu et al., 2010) a,c a Suspended embryonic bodies. b END-2 coculture. c Activin A and BMP growth factor treatment.
agreement with two studies that directly evaluated I CaL current densities at different times of differentiation Sartiani et al., 2007) . A recent study showed that, in comparison with native guinea pig ventricular myocytes, hESC-CMs maintained similar kinetic responses to antagonists, but different responses to activators (Kang et al., 2012) . In human adult ventricular cells, peak I CaL is approximately À10.2 pA/pF at þ5 mV (Magyar et al., 2000) . Several single-cell studies suggest that the inward rectifier current, I K1, is absent or minimal in hESC-CMs (Fu et al., 2010 (Fu et al., , 2011 He et al., 2003; Satin et al., 2004) . A recent study showed that it was expressed in only 3 out of 5 cells examined . Additionally, one study showed that DDR increases following application of the I K1 blocker BaCl 2 , and that the magnitude of I K1 , measured as a BaCl 2 -sensitive current at V m of À90 mV, increases from À0.6 AE 0.3 pA/pF at 14e40 days to À3.4 AE 1.3 pA/pF at 50e110 days of differentiation . Similarly, another study showed a significant increase in I K1 from 2 to 8 months . In adult human ventricular cells I K1 has a measured density of about À10 pA/pF at À90 mV (Wang et al., 1998) . Increased I K1 expression results in more negative MDP and a lower spontaneous rate, and is thought to be an indicator of a more mature ventricular phenotype since it is preferentially expressed in the adult ventricle (Schram et al., 2002) .
The transient outward current, I to , has been measured in single cells via voltage clamp separation at both early (14e40 days) and late (50e110 days) stages of differentiation. At V m of þ50 mV, maturation led to an increase in peak I to from 4.2 pA/pF in early stage hESC-CMs to 7.7 pA/pF at later stages . The results are in close agreement with measurements at þ50 mV in control (4 pA/pF) and miR-1-transduced (6 pA/pF) hESC-CMs at approximately 25 days of differentiation (Fu et al., 2011) . In adult ventricular cells, peak I to ranges from 2.3 AE 0.3 to 7.9 AE 0.7 pA/pF at þ60 mV for subendocardial and subepicardial cells, respectively (Wettwer et al., 1994) .
The rapid delayed rectifier current, I Kr , is responsible for late repolarization, has been measured as an E-4031-sensitive current, and has been the focus of interest with regard to long QT syndrome studies. I Kr has a maximal current density of 0.4e0.7 pA/pF at V m of þ10 mV (Fu et al., 2011; Wang et al., 2011) . Its magnitude is much higher at 8 months than at 1 month . In adult ventricular cardiomoycytes, I Kr can be determined from the O'Hara model to have a magnitude of 0.82 pA/pF at þ7 mV under physiological conditions.
The slow delayed rectifier current, I Ks , sometimes eludes detection in hESC-CMs (Fu et al., 2010) ; however, more recent single-cell studies have reported its presence as a chromanol 293B-sensitive current (Fu et al., 2011; Jonsson et al., 2012; Otsuji et al., 2010; Peng et al., 2010; Wang et al., 2011) . This current has a reported density of 0.6 pA/pF at V m of þ40 mV , and its amplitude remains relatively constant with increased differentiation time . In adult ventricular cardiomyocytes, I Ks can be determined from the O'Hara model to have a magnitude of 0.58 pA/pF at þ40 mV under physiological conditions.
Expression of the pacemaker current, I f , is well established in hESC-CMs (Fu et al., 2010 (Fu et al., , 2011 Jonsson et al., 2012; Kim et al., 2010; Otsuji et al., 2010; Sartiani et al., 2007; Satin et al., 2004) , and voltage clamp separation studies have shown peak I f magnitudes ranging from À4 pA/pF to about À10 pA/pF at V m of À120 mV (Fu et al., 2011; Otsuji et al., 2010; Satin et al., 2004) . By comparison, adult human sinoatrial node cells have an I f magnitude of approximately À7 pA/pF at À120 mV (Verkerk et al., 2007) . Both I f magnitude and HCN4 transcript decrease following transduction with miR-1 (Table 3) (Fu et al., 2011) . I f is downregulated during differentiation , in agreement with expression data that show downregulation of its fast isoform (HCN1) ( Table 3 ) (Kim et al., 2011; Otsuji et al., 2010; Sartiani et al., 2007) . However, a study that used a 3D/replating culture technique found a significant increase in the magnitude of I f from 2 to 8 months . The same study showed that distinct regions exhibited nodal-or ventricular-like properties.
A functional sodiumecalcium exchanger (NCX) is present in hESC-CMs (Fu et al., 2010; Kim et al., 2010) , in agreement with gene expression data. I NaCa was characterized as a Ni-sensitive current in single cells that were differentiated for either 47 or 97 days (Fu et al., 2010) . In the forward (Ca 2þ outward) mode, measured at V m of À120 mV, the magnitude of I NaCa increased over time, from À1.2 AE 0.6 pA/pF at 40 days to À6.9 AE 1.3 pA/pF at 97 days. In the reverse mode (measured at þ60 mV) it increased from 3.6 AE 1.0 pA/ pF to 7.9 AE 1.3 pA/pF (Fu et al., 2010) over the same time period.
Cellecell coupling
Cellecell coupling has been studied in beating areas of hEBs and in hESC-CMs obtained from enzymatically dissociated hEBs (Jonsson et al., 2010) .
Gap junctions
Gap junctional proteins have been identified between hESCCMs (Kehat et al., 2002) . Two isoforms of connexin, Cx43 and Cx45, were found to be co-localized and homogeneously distributed along the cell borders, with no preferential polar orientation. Using immunocytochemistry, several labs have confirmed the presence of Cx43 (Jonsson et al., 2010; Pekkanen-Mattila et al., 2010 Xu et al., 2006a; Xu et al., 2011; Yoon et al., 2006) although one has not (Norstrom et al., 2006) . Another lab found that immunoreactivity for Cx43 was weak in early-stage (9 days) hEBs but discernible in late-stage (56 days) hEBs (Cui et al., 2007) . Electron microscopy failed to show gap junctions in hEBs at 31 days of differentiation (Gherghiceanu et al., 2011) . Further investigation is needed to resolve these different findings.
Conduction
Conduction velocity measurements of hEBs using MEAs span a wide range from approximately 2 cm/s to 14 cm/s at 37 C (Caspi et al., 2009; Kehat et al., 2002; Satin et al., 2004) , and may be the result of variations in cell lines, differentiation protocols, and experimental conditions. In our optical mapping experiments on H9 hEBs described earlier, conduction in a representative hEB at 1 Hz pacing is shown in Fig. 3 . Activation time at each recording site within the hEB was determined as the instant of maximum slope of the AP upstroke. Panel A shows the activation map with isochrones and local conduction velocity vectors superimposed and panel B shows the map of local conduction velocity magnitude. The origin of the action potentials is clearly seen (deep blue areas of left two panels) as well as heterogeneous local conduction velocities across the hEB. The average local CV was 8.1 cm/s. All of these CV measurements (including our data) are consistently slower than CV measured in the intact human ventricle, which ranges from 41 to 87 cm/s (Nanthakumar et al., 2007) . This may be the result of an immature phenotype, including smaller cell dimension, isotropic cell orientation, differences in ion channel expression and greater coupling with non-myocytes (Kehat et al., 2002) .
We also used optical mapping to investigate wavefront propagation in 20-mm diameter monolayers of CMs derived from H9 hEBs (Thompson et al., 2012 ). An average CV of 10.6 AE 4.2 cm/s (n ¼ 3) was measured at 37 C, slightly higher than the value we measured from the intact H9 hEB.
Despite having slower conduction velocities, hEBs respond similarly to a range of cardioactive compounds as adult CMs do, as indicated by MEA recordings. TTX slows conduction in hEBs in a dose-dependent manner, eventually leading to conduction block, suggesting sodium current-driven AP propagation. On the other hand, calcium channel blockers resulted in a variety of effects: verapamil slowed conduction in hEBs from the H1 line while diltiazem and nifedipine had no effect on hEBs from the H9.2 line . Application of heptanol, a gap junctional uncoupler, decreased conduction velocities in hEBs (Caspi et al., 2009 ) and ceased action potential propagation at higher concentrations. The class I antiarrhythmic agents quinidine (Caspi et al., 2009; Liang et al., 2010) and propafenone (Caspi et al., 2009 ) slowed conduction in hEBs, and at high concentration quinidine ceased propagation. The QT-prolonging drug sotalol had no effect on conduction in hEBs .
Contractility
Contraction and force generation
Many studies of hESC-CMs have demonstrated varying degrees of structural and contractile organization e in particular the presence of cross-striations, as well as the contractile proteins troponin, myosin heavy chain, tropomyosin, and a-actinin (Binah et al., 2007; Boudou et al., 2011; Caspi et al., 2007a; Dolnikov et al., 2005; Fu et al., 2010; Habeler et al., 2009; Kehat et al., 2001; Kim et al., 2010; Liu et al., 2007; Mummery et al., 2003; Otsuji et al., 2010; Pekkanen-Mattila et al., 2009; Schaaf et al., 2011; Sedan et al., 2010 Sedan et al., , 2008 . Additionally, mechanical contraction has been measured in both hEBs (Binah et al., 2007; Brito-Martins et al., 2008; Pillekamp et al., 2009 Pillekamp et al., , 2007 Schaaf et al., 2011; Sedan et al., 2010 Sedan et al., , 2008 and isolated hESC-CMs (Abdul Kadir et al., 2009; Germanguz et al., 2011) . Contraction of hEBs increased with an increase in extracellular calcium concentration (Pillekamp et al., 2009; Schaaf et al., 2011) , addition of isoproterenol (Brito-Martins et al., 2008; Schaaf et al., 2011) , addition of adrenaline (Apati et al., 2012) and IP3R activation (Sedan et al., 2010 (Sedan et al., , 2008 . Consistent with the findings of immature or absent calcium cycling described in the next section, agents that block RyR release or SERCA uptake had no effect on contraction amplitude in hEBs (Binah et al., 2007; Dolnikov et al., 2005 Dolnikov et al., , 2006 .
Rate-and time-dependent changes in contraction also revealed the missing contribution of SR calcium stores to contraction. The adult myocardium typically exhibits a positive forceefrequency relation, primarily as a consequence of increasing SR calcium load and subsequent release (Layland and Kentish, 1999) . However, a negative forceefrequency relationship was measured in several studies of hEBs (Binah et al., 2007; Dolnikov et al., 2005 Dolnikov et al., , 2006 and isolated hESC-CMs (Germanguz et al., 2011) . Post-rest potentiation of contraction, due to an increase in SR calcium stores during the rest period, is a normal property of the adult myocardium but is absent in hEBs (Binah et al., 2007; Dolnikov et al., 2006; Germanguz et al., 2011) , consistent with the immature calcium cycling discussed above. On the other hand, hESC-CM tissue constructs exhibit physiological contractile forceelength relations having positive slope, analogous to the FrankeStarling relation in the intact adult heart (Tulloch et al., 2011) . Furthermore, contractile forces generated by individual hESC-CMs purified using dual drug selection have been measured using dynamic force microscopy. These contractile forces were similar to those measured in neonatal ventricular CMs and did not change with time in culture (KitaMatsuo et al., 2009).
Calcium cycling
Given the importance of proper excitationecontraction in CMs, several studies have investigated calcium-induced calcium release (CICR) and calcium cycling processes in hESC-CMs. Compared with mature ventricular cells, isolated hESC-CMs exhibited a comparable mRNA level of Ca v 1.2 (encoding the a-1C subunit of the L-type calcium channel) but about a 1000-fold lower level of RyR2 (Satin et al., 2008) . Expression of NCX and SERCA2a similar to that in fetal ventricular myocytes was reported for isolated hESC-CMs, and while RyR2 was present, its pattern of expression was not well organized. Also, the regulatory proteins calsequestrin (CSQ) and triadin were absent (Liu et al., 2007) . A different study found expression of CSQ and also of phospholamban along with SERCA2 and NCX in hEBs (Binah et al., 2007) . Furthermore, protein expression of NCX1, RyR2, and IP3R2 has been ascertained . A summary of SERCA2A, RyR2 and CSQ expression is given in Table 4 , although the cell phenotype (atrial, ventricular, or nodal) was not specified in any of the studies.
In addition to gene and protein expression, many studies have shown the presence of intracellular calcium transients in hEBs (Binah et al., 2007; Dolnikov et al., 2005; Grey et al., 2005; Kehat et al., 2001; Sedan et al., 2010 Sedan et al., , 2008 , engrafted hESC-CMs (Caspi et al., 2007b; Habeler et al., 2009) , small cell aggregates Liu et al., 2007) , and isolated hESC-CMs (Fu et al., 2010; Lieu et al., 2009; Liu et al., 2009; Mummery et al., 2003; Zhu et al., 2009 ). However, there exists a wide range of findings in the literature regarding the maturity of calcium cycling in hESCCMs. In adult ventricular myocytes, SR calcium release is highly sensitive to millimolar doses of caffeine (Eisner et al., 2009 ). With hESC-CMs, one study found that only w38% of isolated CMs had caffeine-sensitive calcium stores. Of these cells, calcium transients depended on RyR release and SERCA uptake (Liu et al., 2007) . These findings, along with the limited expression of Ca 2þ cycling proteins discussed above (Liu et al., 2007) , are suggestive of functional but immature calcium cycling in hESC-CMs. Another study came to a similar conclusion of functional but immature calcium cycling (Satin et al., 2008) , demonstrating the expression of RyR2 and IP3R, the presence of RyR-dependent calcium transients and the presence of caffeine-sensitive SR calcium stores that increased with differentiation time. A summary of SR calcium release and uptake is given in Table 5 , which was determined for cells with a ventricular phenotype by Fu et al. but was not specified in the other studies. In addition to studies of functional SR calcium stores, two studies measured calcium waves along the transverse axis of the CM and found a U-shaped wave, indicating there was a delay between calcium release near the cell membrane and at the center of the cell, suggestive of either immature or absent T-tubules Satin et al., 2008) . Along these lines, one study using electron microscopy noted the presence of some developing T-tubules associated with the SR (Caspi et al., 2007b) . Other aspects of immature calcium cycling have been observed in hESC-CM studies. It was recently demonstrated that calcium transients in isolated hESC-CMs were partially driven by I NaCa , which has peak expression in fetal CMs and decreased expression in adult CMs (Fu et al., 2010) . Additionally, activation of the IP3R pathway mediated release of calcium stores in hESC-CMs, in contrast with the situation in the adult ventricular myocyte, in which calcium release through IP3R is very low (Sedan et al., 2008) .
On the other hand, one recent study found close co-localization between RyRs and L-type calcium channels and an excitationecontraction coupling "gain" (defined as the ratio of the calcium transient amplitude to the L-type calcium channel current) that increased at negative potentials (Zhu et al., 2009 ). This "gain" relationship is a hallmark of tight coupling between the L-type calcium channel and RyR in adult myocytes (Santana et al., 1996) , suggesting mature calcium cycling in those isolated hESC-CMs.
Finally, another study found that agents that block RyR release or SERCA uptake had no effect on calcium transients in hESC-CMs, which suggests that SR calcium stores are not functional and that calcium transients and contractions depend mainly on transarcolemmal Ca 2þ flux, despite SERCA2a protein expression at levels comparable to adult human myocardium (Binah et al., 2007) . Thus, there is conflicting evidence as to the degree of calcium cycling maturity in hESC-CMs. Several review papers provide additional information regarding the maturity of calcium cycling in hESC-CMs (Itzhaki et al., 2006; Kong et al., 2010; Sedan and Binah, 2011; Siu et al., 2007; Zeevi-Levin et al., 2010) .
Cellular heterogeneity and maturation
Procedures to differentiate hESCs into CMs yield heterogeneous populations of cell types that include non-CMs and immature CMs with varying electrophysiological phenotypes. These issues of heterogeneity and maturation must be addressed before these cells can be used for toxicity testing, drug discovery, disease modeling, or cellular therapy.
Heterogeneity of differentiated cells
The importance of cytokines, growth factors, cellecell communication, and small molecules on stem cell differentiation to the cardiac lineage and development of electrophysiological and contractile activity is well established ; Chavakis (Germanguz et al., 2011) a Level indicates whether contractility studies were performed in isolated cells (indicated by 'Single') or hEBs. et al., 2010). The differentiation of CMs generally falls along one of three methods e suspended embryoid bodies, forced aggregation, or cell monolayers, as noted in Tables 3 and 4. Various methods have been employed to enrich the fraction of hESCCMs obtained from the heterogeneous population of cells. These include: density gradient centrifugation (Xu et al., 2006b (Xu et al., , 2002 , expression of a selection marker (generally, a fluorescent protein or antibiotic resistance gene) driven under the control of a CM-specific promoter (Gallo et al., 2008; Huber et al., 2007; Kita-Matsuo et al., 2009; Xu et al., 2008) , activation of a suicide gene (Anderson et al., 2007) , or antibody-based sorting on cell surface markers, which include ALCAM (Rust et al., 2009 ), EMILIN 2 (Van Hoof et al., 2010 , SIRPA or VCAM1 (Uosaki et al., 2011) . A novel alternative approach free of genetic modification is to stain cells with the mitochondrial dye, TMRM, which emits an optical signal that is largest for CMs (Hattori et al., 2010) . New, label-free approaches to identify hESC-CMs include second harmonic generation optical signals (Awasthi et al., 2012) and Raman spectroscopy (Pascut et al., 2011) . It might also be possible to separate hESC-CMs from their progenitors based on cellular dielectric properties, as has been done in mouse neural precursor cells (Flanagan et al., 2008) .
Heterogeneity of electrophysiological phenotypes of hESC-CMs
The heterogeneity in cellular properties of hESC-CMs described in the earlier sections appears to be a universal finding and may arise in part because of intrinsic differences in the starting cell lines that are used (Moore et al., 2008; Osafune et al., 2008; PekkanenMattila et al., 2009) and conditions under which the cells are differentiated and cultured (Pekkanen-Mattila et al., 2010) . Heterogeneity becomes a critical issue if hESC-CMs are to be engrafted into recipient hearts for the purposes of cardiomyoplasty. Discrepancies in their electrophysiological and contractile properties with those of the host tissue can disturb the coordinated operation of the heart and disrupt physiological function. For example, hESC-CMs nearly always exhibit autonomic activity. While this makes them attractive as biological pacemakers when engrafted into the myocardium Xue et al., 2005) , it also makes them intrinsic sources for ectopic activity that can be proarrhythmic in the atrium or ventricle.
Fortunately, new methods are on the horizon to purify for ventricular, atrial and nodal phenotypes. Controlled retinoid signaling regulates atrial versus ventricular differentiation (Zhang et al., 2011) . MicroRNAs have been shown to regulate ventricular differentiation (Fu et al., 2011) . Inhibition of neuregulin/ErbB signaling enhances the nodal phenotype in hESC-CMs while the addition of endothelin-1 to murine Nkx2.5 þ cardiac progenitors promotes differentiation into pacemaking cells (Zhang et al., 2012) . A substantial amount of work has drawn on an understanding of cardiogenic cues during development to establish methods for preferentially differentiating hESCs into cardiomyocytes. It is possible that the right combination of cues, which include cytokines (Chiriac et al., 2010) , growth factors (Kattman et al., 2011; Laflamme et al., 2007a; Leschik et al., 2008; Pal and Khanna, 2007; Singla and Sun, 2005) , non-CMs (Mummery et al., 2003) , modulators of p38-MAPK (Gaur et al., 2010; Graichen et al., 2008; Kempf et al., 2011) , Notch , Wnt/b-catenin (Paige et al., 2010; Qyang et al., 2007; Tran et al., 2009) , and nitric oxide (Mujoo et al., 2008) signaling, extracellular matrix components (Battista et al., 2005; Chan et al., 2010; Gerecht et al., 2007) , and other compounds such as ascorbic acid (Wang et al., 2010) and demethylating agents (Yoon et al., 2006) could also be applied at precise developmental timepoints to derive cardiomyocytes of a specified phenotype. The next section addresses the related issue of cell maturation.
Transcriptional profiling of hESC-CMs and cellular maturation
Human ESC-CMs generated in vitro and destined for regenerative medicine should faithfully recapitulate the phenotype of adult ventricular cells, especially in relation to electrophysiological and functional development and maturation. Whole-genome expression profiling is one commonly employed approach used to compare and characterize different cell populations. When gene expression analysis is applied aptly, as was done in mouse (Fijnvandraat et al., 2003) , it can stage differentiated cells with in vivo heart development to assess the degree of commitment and maturation. The first description of transcriptional profiling of hESC-CMs was reported in 2006 (Beqqali et al., 2006) , and since then a number of microarraybased studies have been published (Cao et al., 2008; Gupta et al., 2010; Synnergren et al., 2008a Synnergren et al., , 2008b Synnergren et al., , 2012 Synnergren et al., , 2011 Xu et al., 2009 ). Most of these reports relied on systems with preferential induction of CM differentiation (Beqqali et al., 2006) , with partial enrichment of CMs by a Percoll gradient (Cao et al., 2008) , or with manual enrichment of CMs by dissection of beating areas (Gupta et al., 2010; Synnergren et al., 2008a Synnergren et al., , 2008b Synnergren et al., , 2012 . Only one study has employed a transgene construct utilizing the a-MHC promoter to isolate 99% purified hESC-CMs (Xu et al., 2009 ), but in no instance has an analysis of chamber specific (i.e., atrial versus ventricular) hESC-CMs been reported. Molecular profiles have therefore been generated either from a mixed cell population consisting of hESC-CMs and nonCMs or from a mixed hESC-CM population containing atrial, ventricular, nodal and other contracting cardiac-like cells. In parallel, many of the published data include a developmental analysis of fetal or adult heart samples and comparison with time-dependent gene expression patterns as a function of differentiation, but most of these comparisons are complicated by the presence of non-CMs in cardiac biopsies and the use of un-staged samples (mixed and undefined samples from human heart). However, in three studies, developmentally defined heart samples were employed (aged 11e16 (Beqqali et al., 2006) , 19e21 (Cao et al., 2008) , or 33e35 weeks (Synnergren et al., 2012) of development) for transcriptome analyses. These limitations have made it difficult to accurately gauge, based on transcriptomic data, the maturation and developmental states of hESC-CMs.
Despite these shortcomings, whole genome expression analyses have revealed several major findings. The first is that upon differentiation, markers of pluripotency (OCT4, SOX2, NANOG) are decreased, while those involving cardiac development (Brachyury T) and sarcomeric structures (including gene ontology (GO) sub-groups actin, cytoskeleton, myosin and sarcomere) are upregulated. Second, activation of individual genes occurs during distinct but variable stages of differentiation, as cardiac transcription factors and master genes like MEF2C, TBX2 and TBX5 are expressed prior to genes encoding cardiac-restricted structural and functional genes (Beqqali et al., 2006) . These findings suggest unique molecular regulatory mechanisms that occur in a lineage-and time-dependent manner. Third, numerous gene expression profiles can be statistically identified that are conserved independently of differentiation protocols (Synnergren et al., 2008a) . Fourth, a direct comparison of selected gene ontology (GO) terms between hESC-CMs and both fetal and adult hearts has revealed strong similarities among these cells. Fifth and perhaps most importantly, many of the hESC-CMs transcription profiles identified by microarrays are distinct from CMs generated in vivo. Some of these differences involve genes associated with heart development like BMP2, GATA5 and TGFb2, which are highly expressed in hESC-CMs. Genes associated with ion transport like RYR2, PLN, KCNH2 show both similarities and differences with fetal and adult heart (Synnergren et al., 2012; Xu et al., 2009) , while other genes implicated in cell communication, signal transduction and defense response are abundant in fetal and adult heart but are only poorly expressed in hESC-CMs. While some of these latter differences may be due to the presence of non-cardiac cells in the biopsies, it is also likely that the hESC-CMs have not experienced some in vivo signals necessary for gene regulation.
Based on these data, hESC-CMs appear to be similar to, but unique from both fetal and adult heart cells. Although it is sometimes difficult to determine whether expression profiles are due to developmental signals or to maturation processes, the poor expression of genes encoding structural and force-generating proteins (eg. MYL2, MYH7, MYL3, MYH11 and TNNT2) in hESC-CMs relative to fetal heart samples suggests an absence of maturation signals in vitro such as the biomechanical stresses that are normally present during in vivo cardiac development. Similarly, GO processes associated with metabolic activity are less prevalent in hESC-CMs, consistent with the increased energy needs in forcefully contracting fetal and adult hearts (Cao et al., 2008) . In contrast, KCNH2 (HERG), the gene encoding a subunit of the voltage-gated potassium channel, is one of several genes that show comparable expression levels among hESC-CMs, fetal heart and adult heart (Xu et al., 2009) , and these genes may not be informative for maturation. As these and other gene markers and profiles are examined experimentally, it is likely that some differential expression patterns will explain electrophysiological maturation states and differences in automaticity seen among various hESC-CM cell types. It is also hoped that the development of experimental systems more analogous to in vivo development will foster the maturation of hESC-CMs into therapeutically reliable ventricular cells.
Functional maturation of hESC-CMs
Maturation of embryonic heart cells during development is regulated by a complex set of spatially and temporally varying cues as discussed above; see also Epstein (2010) . In culture, hESC-CMs are similar to fetal tissue in terms of their electrophysiological characteristics (Mummery et al., 2003) , most notably, low expression of I K1 , high expression of I NaCa , and high expression of I f . Electrophysiological criteria used for maturation include: hyperpolarization of membrane and increased expression of I K1 , expression of HERG and its regulatory subunit MIRP1, reduction of I f , and development of the ventricular phenotype (Asai et al., 2010; Caspi et al., 2009) . Over time in culture, there is progressive development of ultrastructure, but notably, there is marked absence of the T-tubule system Snir et al., 2003) (although see Section 4.2). Furthermore, SR function is immature in terms of a modest Ca 2þ transient and slow kinetics, moderate SERCA expression, absence of junctin, triadin and calsequestrin expression, and poorly organized and low expression of RyR2 (Liu et al., 2007; Satin et al., 2008) , although these are not universal findings (see Section 4.2). The immature state of hESC-CMs raises many issues. Immature cells may not give proper drug responses or serve as disease models faithful to post-natal, much less adult, myocardial cells. Engraftment of these cells into working myocardium could be problematic because of their mismatch in contractile force and electrophysiology with the recipient tissue. Nonuniform contraction might lead to triggered propagated contraction and reverse excitationecontraction coupling (ter Keurs, 2011). Disparity in contractile force can lead to mechanical dyssynchrony, which can cause decreased efficiency of contraction and detrimental mechanical and electrical remodeling (Bilchick et al., 2007; Tedrow et al., 2004) . Furthermore, disparity may be accentuated at certain pacing rates, stretch, or rates of shortening, leading to mechanoelectrical feedback and arrhythmia . Immaturity or abnormalities in calcium cycling can lead to afterdepolarizations and triggered activity (ter Keurs and Boyden, 2007) . Mismatch in ion channel expression can lead to spatial gradients in action potential or calcium restitution properties, which can augment dynamic instabilities in electrophysiological function and produce wavebreaks and fibrillation (Weiss et al., 2005) , and lead to potential anchoring sites for reentrant arrhythmia (Sekar et al., 2009) . Deficient cellecell coupling can lead to meandering activation wavefronts, discontinuous propagation and, ultimately, conduction failure (Rohr, 2004) . Furthermore, by virtue of their electrical coupling to myocardial cells and presentation of abnormal electrical loads, engrafted hESC-CMs may introduce distributed regions of electrical heterogeneity that exacerbate coupling heterogeneities, which can lead to wavefront breakup and conduction block (Steinberg et al., 2006) . On the other hand, hESC-CMs may also provide antiarrhythmic benefit, and were shown to improve conduction and reduce the incidence of reentry in an arrhythmogenic cell culture model (Thompson et al., 2012) .
MicroRNAs have been shown to regulate electrophysiological maturation in terms of resting potential, APD and Ca 2þ transients (Fu et al., 2011) . Alternatively, cellular transplantation studies provide a reference point regarding the maturation of hESC-CMs in a natural but complex tissue environment. These studies are discussed below.
Native biological environment
Transplantation of hESC-CMs into host animal myocardium provides not only the opportunity to assess the therapeutic utility of these cells, but also places them in an environment with a multitude of cues that may be conducive to maturation. Studies are indicative of hESC-CM maturation with transplantation into murine hearts (van Laake et al., 2007 (van Laake et al., , 2010 . At one week post transplantation, hESC-CMs had an immature phenotype indicated by the expression of only MLC2a and not MLC2v, although SMA was downregulated from pre-implantation levels (van Laake et al., 2007) . Between 3 and 10 weeks, many cells also became positive for MLC2v until the majority became positive for either MLC2a or MLC2v. During this time period, increasing proportions of hESC-CMs became positive for a-actinin and tropomyosin, and the grafts became more aligned with host myocardium, developed more organized sarcomeres, and exhibited desmosomes and gap junctions. In even longer term grafts of 24 weeks in infarcted murine hearts (van Laake et al., 2010) , hESCCMs show loss of staining for cytokeratin 8 (found in immature hESC-CMs in vitro), increased sarcomeric organization, and numerous desmosomes. On the other hand, hESC-CMs have been shown to secrete collagen XVIII (van Laake et al., 2010) , which is present in the fetal heart (Saarela et al., 1998) . Transplanted hESCCMs exhibited an elongated shape, the presence of cadherin and Cx43-positive cellular junctions, and some ANP expression (Cui et al., 2007) . Cellular grafts tend to vary in the levels of sarcomere organization present, from immature sarcomeric structures to organized structures similar to native myocardium (Dai et al., 2007) . In regions containing hESC-CMs with more immature myofiber organization, positive Cx43 staining was observed within the cytoplasm and along the borders of transplanted cells, similar to that seen in fetal myocardium. In regions with more organized myofibers, clusters of Cx43 signal were present between bordering cells (Dai et al., 2007) . Additionally, Cx43 was present at the border between the graft and host myocardium (Caspi et al., 2007a; Dai et al., 2007; Gepstein et al., 2010; Kehat et al., 2004) , with more organized clusters of immunoreactivity observed when the graft consisted of regions with more organized myofibrillar structure (Dai et al., 2007) .
The finding that transplanted hESC-CMs increase their structural organization over time but do not attain fully mature sarcomeres has also been shown with hESC-CMs injected into chronically infarcted rat hearts (Fernandes et al., 2010) . The immature phenotype of hESC-CMs was further demonstrated by the findings that transplanted cells were still proliferating 3 months after transplantation. Positive cadherin staining was present between transplanted hESC-CMs and, while in some cases it was present close to the border between the transplanted cells and host myocardium, in most cases hESC-CMs and host CMs were separated by scar tissue.
Cardiac tissue slices offer an attractive in vitro model for hESC-CM maturation since they retain the complex environment of the whole heart, provide convenient access to different parts of the tissue, and can be maintained in culture. Undifferentiated hESCs have been transplanted into neonatal rat ventricular slices and differentiated into CMs over 2 months in culture (Habeler et al., 2009) . Pluripotency markers OCT4 and NANOG were downregulated over the first week, mesoderm differentiation markers GATA4 and MEF2C increased after day 10 and peaked at around 1 month, and cardiac markers MLC2A, b-MHC and ANP were expressed at 2 months after transplantation. A variety of other in vitro models are suitable for assaying the functional interaction between stem cells and cardiomyocytes, including micropatterned cell pairs (Pedrotty et al., 2008) and engineered microtissues discussed in the following section (for a review of these methodologies, see ). However, these have yet to be applied to hESC-CMs.
Finally, decellularized matrix can be used to provide a mixture of structural and biochemical cues encountered by cardiomyocytes in vivo. Rat CMs cultured on acellular porcine myocardial matrix infiltrate about 50 mm into the scaffold, exhibit an elongated morphology, and develop concerted contractions after several days in culture (Eitan et al., 2010) . Furthermore, murine EBs cultured on Matrigel, a basement membrane matrix from mouse sarcoma (Kleinman and Martin, 2005) or Cardiogel, matrix secreted by cardiac fibroblasts, had a greater response to isoproterenol and carbachol than did controls, although the reduction in beating rate with carbachol application was greater in Matrigel than in Cardiogel. CMs of murine EBs cultured on Cardiogel developed Hbands, M-bands, and T-tubules at earlier timepoints than those cultured on Matrigel or without any extracellular matrix components (Baharvand et al., 2005) .
Bioengineering the cellular environment
The importance of the microenvironment was reviewed in the previous sections and is also reviewed in Horton et al. (2009) and Clause et al. (2010) . A broad array of biomedical engineering approaches has been developed to control microenvironment in a rigorous manner (Ghafar-Zadeh et al., 2011) and influence stem cell differentiation (Burdick and Vunjak-Novakovic, 2009 ). These include the development of bioreactors (Figallo et al., 2007; Kehoe et al., 2010) , use of biomaterials within the EB (Bratt-Leal et al., 2009) , auxiliary use of hydrogels for cell delivery (Habib et al., 2011) , microencapsulaton of cells , cylindrical and spherical microcarriers for cell attachment and transport (Lecina et al., 2010) , and biomaterials as scaffolds (Chen et al., 2008) such as an elastomeric patch . Biomimetic platforms that recapitulate the mechanical and biochemical signals in the native environment may be effective in promoting maturation in hESC-CMs. To date, a few studies have focused on the effects of individual extracellular factors such as three-dimensional culture, mechanical stimulation, and the influence of non-CMs to augment maturation. These studies are discussed below.
Three-dimensional culture
The use of biologically-derived extracellular matrix components to surround hESC-CMs in a 3-dimensional culture environment has been shown to increase cellular maturity. Suspension of hESC-CMs within a PEGylated fibrinogen hydrogel resulted in a 3-dimensional network of randomly oriented cells exhibiting Cx43-positive gap junctions and a-sarcomeric actin striations typical of sarcomeric structures (Shapira-Schweitzer et al., 2009) , although the levels of cell anisotropy and gap junctional connectivity did not reach those of similarly cultured neonatal rat CMs. Furthermore, hydrogels of solubilized porcine extracellular matrix (ECM) and collagen were used to encapsulate hEBs and promoted contractile function of hESC-CMs (Duan et al., 2011) . A mixture of 75% ECM and 25% collagen increased the percent beating area and contraction amplitude of hEBs when compared to hydrogels with 25% ECM and 75% collagen or hydrogels with 100% collagen. Furthermore, cTnT expression in hEBs cultured in 75% ECM hydrogels was comparable to that in hEBs cultured in 100% collagen hydrogels supplemented with growth factors. Interestingly, the addition of growth factors to hydrogels containing ECM did not enhance differentiation, and only cells cultured in ECM hydrogels without growth factors exhibited mature cTnI striation patterns. Furthermore, Cx43 staining was most organized in 75% ECM cultures without supplemental growth factors and was localized both at the periphery of cells and at perinuclear sites. Thus, hydrogels containing a high percentage of native ECM were able to promote hEB differentiation and maturation without the addition of growth factors (Duan et al., 2011) . Additionally, dissociated hEBs in a fibrinogen and thrombin gel have been used in the creation of engineered heart tissues (EHTs) capable of promoting more developed sarcomeric organization, Cx43 expression, and increased cellular alignment (Schaaf et al., 2011) .
Synchronous beating has been observed in hydrogel-based hESC-CM constructs, with isoproterenol increasing and carbamylcholine decreasing the rate of contraction (Shapira-Schweitzer et al., 2009 ). However, contraction of these constructs had a lower average displacement amplitude than that of similar constructs which used neonatal rat CMs. Force of contraction in EHTs showed a trend toward increase with the addition of isoprenaline that could be reversed with the application of carbachol, and lowering extracellular calcium decreased the force (Schaaf et al., 2011) . Increased maturation of hESC-CMs in EHTs compared with hEBs was indicated by increased levels of b-myosin heavy chain (MHC) transcripts (Schaaf et al., 2011) . APDs of hESCCMs in EHTs were approximately twice as long as those of hEBcultured hESC-CMs, but varied greatly from 260 to 1200 ms, with longer APs having an increased upstroke velocity. However, maximum diastolic potential (MDP) was more positive in EHT hESC-CMs than in hEBs (Schaaf et al., 2011) .
Porous scaffolds are another means of culturing hESC-CMs in a 3-dimensional environment (Caspi et al., 2007b; Lesman et al., 2010) . hESC-CMs seeded onto scaffolds of poly-L-lactic acid and polylactic-glycolic acid varied in their levels of structural development (Caspi et al., 2007b) . More mature hESC-CMs were characterized by increased cell alignment, abundant myofibrils in Z bands characteristic of organized sarcomeres, mitochondria surrounding the sarcomeres, developing T-tubules, and intercalated discs containing desmosomes and gap junctions. However, areas of immature hESC-CMs were also present (Caspi et al., 2007b) . Spontaneous contractions of hESC-CMs within the construct were observed, and synchronous intracellular Ca 2þ transients were visualized using laser confocal imaging. Additionally, hESC-CMs responded to positive and negative chronotropic agents.
Mechanical stimulation and topographic cues
The application of mechanical stress to hESC-CMs in 3-dimensional culture has been shown to influence cellular architecture, proliferation, and maturation (Tulloch et al., 2011) . Constructs of hESC-CMs in a 3-dimensional type I collagen gel that were conditioned by uniaxial cyclic stress at 1 Hz or static stress had more organized collagen fibers and increased cellular sarcomeric alignment than unconditioned constructs. However, the contractile, cytoskeletal and extracellular matrix organization were less developed than those of similar constructs using neonatal rat CMs. In addition, a combination of stress conditioning and endothelial cell coculture increased hESC-CM proliferation, and 3 weeks of static stress conditioning resulted in an up to 8-fold increase in active force when hESC-CM constructs were stretched up to 60% over slack length. The effects of modulating the frequency of applied stretch has been studied in murine ESC-CMs embedded in a type I collagen gel and stretched to 10% of their initial length (Shimko and Claycomb, 2008) . Mechanical loading at 1 Hz decreased cardiac gene expression while loading at 3 Hz increased gene expression, sarcomeric organization, and gap junction formation.
Other approaches have attempted to incorporate topographical and mechanical cues (for a review of mechanotransduction in cardiomyocytes see McCain and Parker (2011) ). Wrinkled PDMS substrates meant to mimic the heart's anisotropic architecture and accompanying mechanical cues are one such approach (Luna et al., 2011) . hESC-CMs cultured on these substrates had organized sarcomeric structures and were able to align themselves with the substrate's principal axis. In the development of such substrates, the elasticity of engineered substrates is an important consideration and should be matched to that of the developing myocardium, as it influences CM beating, spreading, and changes in structural proteins (Engler et al., 2008) .
Mechanical cues have also been imparted by devices incorporating hydrodynamic shear. Micro-bioreactor arrays can flow media directly over a culture of cells or in a plane above the cultured cells for reduced shear (Figallo et al., 2007) . Although this device has been used only for vascular differentiation of 3-dimensional cultures of hESCs (Figallo et al., 2007) , it may prove to be beneficial for cardiac differentiation as well.
Non-cardiomyocyte influences
Coculture of hESCs with cells from a mouse visceral-endodermlike cell line, END-2, is known to instruct the differentiation of the hESCs into hESC-CMs and is part of many hESC-CM differentiation protocols (Mummery et al., 2003) . The influence of non-CMs on the electrophysiological maturation of hESC-CMs has been studied using puromycin-selected hESC-CMs from early-stage (20 days or less) and late-stage (60 days) hEBs . In purified populations, application of the HCN channel blocker ZD7288 or the I Na channel blocker TTX reduced beating rate to a greater extent in late-stage hESC-CMs than in early-stage hESC-CMs. Beating rate slowing in isolated early-stage hESC-CMs was not altered even if the hESC-CMs were cultured for an additional 40 days. Likewise, transcripts of Na V 1.5, Na V 1.1, Ca V 3.1, and Kir2.2 were increased in hESC-CMs from late-stage EBs compared with those selected from early-stage EBs and cultured for an equivalent amount of time. However, when hESC-CMs selected from early EBs were subsequently co-cultured with non-CMs from parental hESCs, beating rate slowing with the application of ZD7288 or TTX was observed and ion channel transcript levels were partially restored. This result suggests that non-CMs can influence the development of HCN and Na þ channel-dependent automaticity and of select ion channels in early-stage hESC-CMs. Furthermore, later-stage hESC-CMs could be stratified into an immature group and a more mature group exhibiting more negative MDP, larger AP amplitude, and faster dV/dt max . Early-stage hESC-CMs did not show such distinct populations unless in co-culture, corroborating the importance of non-CMs in the electrophysiological maturation of hESC-CMs. Non-CMs have been combined with synthetic scaffolds in an effort to engineer environments that more closely recapitulate native myocardium. hESC-CMs were seeded onto porous scaffolds of poly-L-lactic acid (PLLA) and polylactic-glycolic acid, and the effects of various combinations of co-culture with human umbilical vein endothelial cells (HUVECs), hESC-derived endothelial cells (hESC-ECs), or murine embryonic fibroblasts (mEFs) were assessed (Caspi et al., 2007b; Lesman et al., 2010) . The presence of HUVECs in scaffolds increased CM proliferation, while co-cultures of hESCCMs with either HUVECs or hESC-ECs and tri-cultures of hESCCMs with mEFs and either HUVECs or hESC-ECs upregulated both more mature (a-MHC and cTnI) and immature (ANF and NKX2-5 gene expression) CM markers (Caspi et al., 2007b) . hESC-CMs coseeded in scaffolds with hESC-ECs or HUVECs exhibit synchronous beating and intracellular Ca 2þ transients along with the ability to respond to positive and negative chronotropic agents (Lesman et al., 2010) . Active contraction, enhanced proliferation, and expression of b-MHC were also evident in similar tri-cell patches cultured without the scaffold. However, these constructs also expressed Nkx2.5, indicating their immature phenotype (Stevens et al., 2009 ).
Cell culture environment
The protocols and devices used to culture hESC-CMs are an important consideration since they incorporate different sets of cues and could potentially produce variations in cellular maturity. Numerous studies have indicated that hESC lines themselves have varying differentiation biases (Osafune et al., 2008; PekkanenMattila et al., 2009) , and there has been great interest in optimizing the culture of these cells for a specific lineage. The method of culture was found to be a significant factor, with increased expression of CM genetic markers when hEBs were cultured in suspension . Furthermore, combining suspension culture with replating can advance maturation, especially in pacemaker hESC-CMs . It is possible that cell lines biased toward CM differentiation could yield the most mature CMs when combined with an optimal CM differentiation protocol and culture conditions, although this is unknown at this time.
Platforms from synthetic materials show promise as potential culturing environments that allow for cardiac differentiation. Synthetic peptide-acrylate surfaces (PAS) incorporating biologically active peptides derived from extracellular matrix proteins have been developed (Melkoumian et al., 2010) . hESCs cultured on PAS maintained pluripotency for over ten passages and could be differentiated into hESC-CMs.
A variety of engineering strategies employed with different cell types could also prove influential in maturing hESC-CMs. Hydrogels with confined 3-dimensional microarchitecture (Aubin et al., 2010) and patterned extracellular matrix islands of various shapes (Bray et al., 2008) have been shown to influence cellular elongation and alignment, as well as intracellular architecture, respectively.
Manipulation of the hEB itself has also yielded numerous culturing strategies (for a thorough review on EB engineering strategies, (see (Bratt-Leal et al., 2009) ). One such strategy employed by several investigators is control of hEB size (Mohr et al., 2010; Niebruegge et al., 2009) , which has been demonstrated to affect cardiac differentiation (Mohr et al., 2010) . One approach has been to use a 3-dimensional cuboidal microwell system to culture cell aggregates of varying dimensions and create uniformly-sized hEBs (Mohr et al., 2010) . Intermediate 300 mm microwells generated the highest percentage of contracting hEBs while the smallest 100 mm microwells yielded the greatest percentage of cells that were CMs in contracting EBs. hEB size control has also been implemented with a micropatterned system incorporating dynamic stirred suspension culture and hypoxic conditions to increase cell output more than 3-fold (Niebruegge et al., 2009) . Additionally, microfluidic trap systems show promise for providing variable hEB growth conditions (Khoury et al., 2010) .
Conclusion
A multitude of studies have characterized the electrophysiology and contractility of hESC-CMs in light of their great promise for studies of human myocardial function, toxicity testing, drug discovery and cardiac regeneration. In general, hESC-CMs possess intracellular structure, action potential, contractility, drug responses and intercellular coupling characteristics comparable to normal fetal tissue. Some aspects of the physiological function of hESC-CMs are now emerging, such as restitution of action potential duration, ratestaircase of contraction, forceelength relation, intracellular calcium cycling and excitationecontraction coupling, but other aspects such as conduction velocity restitution and forceevelocity relation are currently unknown. One major hurdle for the practical use of these cells is the substantial heterogeneity in their electrophysiological phenotype that occurs with current differentiation protocols. Our optical mapping data presented in this article show heterogeneity in AP shape among different hEBs that is much greater than that observed within individual hEBs. Another important obstacle is the present immaturity of the functional state of hESC-CMs, as evidenced by studies of myofibrillar organization, ion channel function, calcium cycling and contractile properties. Given that the properties of hESCCMs vary widely with cell line, differentiation time, and culture conditions, improved methods for the purification and selection of specific phenotypes from this heterogeneous population are needed. Bioengineering approaches to control the microenvironment, including cell culture devices, biomaterials, and direct manipulation of the hEB, show promise for achieving these goals.
Editors' note
Please see also related communications in this issue by Anderson and Granzier (2012) and Tveito et al. (2012) .
